Abstract The androgen receptor (AR) has context-dependent roles in breast cancer growth and progression. Overall, high tumor AR levels predict a favorable patient outcome, but several studies have established a tumor promotional role for AR, particularly in supporting the growth of estrogen receptor positive (ER-positive) breast cancers after endocrine therapy. Our previous studies have demonstrated that obesity promotes mammary tumor progression after ovariectomy (OVX) in a rat model of postmenopausal breast cancer. Here, we investigated a potential role for AR in obesity-associated post-OVX mammary tumor progression following ovarian estrogen loss. In this model, we found that obese but not lean rats had nuclear localized AR in tumors that progressed 3 weeks after OVX, compared to those that regressed. AR nuclear localization is consistent with activation of AR-dependent transcription. Longer-term studies (8 weeks post-OVX) showed that AR nuclear localization and expression were maintained in tumors that had progressed, but AR expression was nearly lost in tumors that were regressing. The anti-androgen enzalutamide effectively blocked tumor progression in obese rats by promoting tumor necrosis and also prevented the formation of new tumors after OVX. Neither circulating nor mammary adipose tissue levels of the AR ligand testosterone were elevated in obese compared to lean rats; however, IL-6, which we previously reported to be higher in plasma from obese versus lean rats, sensitized breast cancer cells to low levels of testosterone. Our study demonstrates that, in the context of obesity, AR plays a role in driving ER-positive mammary tumor progression in an environment of low estrogen availability, and that circulating factors unique to the obese host, including IL-6, may influence how cancer cells respond to steroid hormones.
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Introduction
Obesity, which now affects 40% of US adult women [1] , increases the incidence of and worsens the outcomes for breast cancer [2, 3] . Some controversy exists regarding the effect of obesity on breast cancer risk before menopause, but studies have definitively shown elevated risk in obese, postmenopausal women (reviewed in [4] ), particularly for estrogen receptor (ER) positive disease [2, 5] . Obese women typically present with larger tumors and more frequent lymph node involvement [6] , and are less likely to benefit from traditional anti-hormonal therapies, such as tamoxifen or aromatase inhibitors [7] . Further, regardless of menopausal status, obese women with breast cancer are more likely to die from the disease compared to their lean counterparts [2] . These observations strongly suggest that obesity-related breast cancer is unique and implicate a role for altered steroid receptor signaling in the obesogenic setting. Given that over 200,000 women are diagnosed with ER-positive breast cancers annually [8] and undergo treatment with agents that aim to reduce estrogen production or interfere with ER activity, collectively referred to as endocrine therapy, the high prevalence of obesity argues that it is critical that we understand how obesity acts as a biological variable in treatment modalities and therapeutic outcomes.
Recently, the androgen receptor (AR) has emerged as a potential driver of breast cancer resistance to endocrine therapy in preclinical studies [9] [10] [11] , despite a documented link to a favorable patient outcome for those with ER-positive breast cancer [12] [13] [14] . Overall, AR is more frequently expressed in breast tumors than ER or the progesterone receptor (PR), occurring in up to 80% of invasive and approximately 85% of in situ cancers [12, 13] . Like ER, AR is inversely associated with features of malignancy including tumor size, Ki67 index, lymph node metastasis, and histological grade [13] . While it seems counter-intuitive that AR can be tumor-promotional, the same inverse relationships exist for ER. Preclinical studies show that the function of AR in breast tumor growth and progression depends on the cellular context, the activation state of the receptor, the levels of ER, and the hormonal milieu of the host [15, 16] . For example, in ER-positive tumors, a high ratio of AR compared to ER (percent cells positive by IHC) indicated a greater than fourfold increased risk for failure while on tamoxifen [15] . In triple negative breast cancer (TNBC), the prognostic significance of AR also remains somewhat controversial (reviewed in [17] ). TNBC with high AR are more indolent and slow growing, and, likely because they are slower growing, they are also less likely to achieve pathological complete response to chemotherapy than most other subtypes of TNBC [18] . Overall, recent preclinical and clinical studies suggest AR is a viable therapeutic target for a subset of patients with TNBC and recurrent ER-positive breast cancer [15, [19] [20] [21] , an avenue being investigated in ongoing clinical trials.
Here, we investigated a potential role for AR in obesityassociated tumor progression using a preclinical rat model of obesity and postmenopausal ER-positive breast cancer. In our model, a high fat diet (HFD) is used to separate obesity-prone and -resistant females, representing the top and bottom tertiles of body fat percentage, respectively [22] . N-methyl-Nnitrosourea (MNU) is used to initiate mammary tumors and ovariectomy (OVX) simulates a postmenopausal environment. After OVX, obese rats have more tumors that progress and fewer tumors that regress and develop more new tumors compared to lean rats [23] . In a more recent study, we identified a 3-week window following OVX as a period of rapid weight gain that associates with tumor progression and high tumor PR expression [24] . Here, we extend these studies to demonstrate that AR nuclear localization, which is indicative of AR transcriptional activation, is associated with early post-OVX tumor progression only in obese rats, and that treating these rats with the anti-androgen enzalutamide reduced PR expression and prevented tumor growth by stimulating tumor necrosis. We also identified a role for IL-6, a proinflammatory obesogenic cytokine, in sensitizing breast cancer cells to low levels of testosterone. Altogether, these data indicate that the obese environment enhances AR-dependent mammary tumor progression after the loss of ovarian estrogen production. These data support therapeutic targeting of AR to circumvent breast cancer resistance to ER-directed endocrine therapy and argue that this approach may be particularly efficacious in the context of obesity. Indeed, such clinical trials are underway which may be able to address whether obesity is a factor in the response to targeting AR in breast cancer.
Methods
Animal Care and Treatment Female Wistar rats (5 weeks of age) were purchased from Charles River Laboratories (Wilmington, MA) and individually housed in metabolic caging at the University of Colorado Denver Center for Comparative Medicine and the Center for Human Nutrition Satellite Facility (22-24 C; 12:12 h light-dark cycle) with free access to food and water. To induce obesity, rats were maintained on a purified high-fat diet (46% kcal fat; Research Diets, New Brunswick, NJ; RD# D12344) for the duration of the study. All procedures were approved by the Institutional Animal Care and Use Committee.
OP-OR/OVX Model of Obesity and Postmenopausal
Breast Cancer This study used our previously characterized model of obesity and postmenopausal breast cancer [22, 25] . Briefly, rats were given a single injection of N-methyl-Nnitrosourea (MNU, 50 mg/kg) at 50 ± 2 days of age to induce mammary tumor formation. MNU was purchased by the National Cancer Institute's Chemical Carcinogen Reference Standards Repository operated under contract by Midwest Research Institute, Kansas City, MO (N02-CB-07008). The outbred Wistar strain of rats used have a variable response to HFD, and rats were ranked by percent body fat at 14-18 weeks of age as previously described [24] . Rats in the top and bottom tertiles of body fat were considered obese and lean, respectively; rats from the middle tertile were not used for this study. Rats were palpated weekly for tumor formation beginning 3 weeks after MNU injection, and tumors were measured in three dimensions using digital calipers. Rats entered the treatment phase of the study in cohorts based on tumor burden (≥1 cm 3 ), at which time rats were ovariectomized (OVX) under isoflurane anesthesia. Body weight and food intake were monitored weekly before surgery and daily thereafter [26, 27] . Body composition was determined at OVX and every other week thereafter for the duration of the study by quantitative magnetic resonance (qMR; Echo MRI Whole Body Composition Analyzer; Echo Medical Systems, Houston, TX). Enzalutamide was provided to Research Diets, Inc. by Astellas, Inc. and Medivation, Inc., (Medivation, Inc. was acquired by Pfizer, Inc. in September 2016) and incorporated into the purified HFD (Research Diets, Inc.; D12344) at a concentration of 0.43 mg/g food, for oral administration [15, 16] . Control rats were fed the same HFD without enzalutamide. Rats were assigned to either the control or enzalutamide group based on several characteristics, including tumor burden, tumor multiplicity, body weight, and body fat percent at the time of OVX [24, 28] .
Plasma Measurements Blood was drawn under isoflurane anesthesia at the time of euthanasia from the anterior vena cava using a heparinized needle, and plasma was collected. All blood draws were made during the latter part of the light cycle. Insulin, leptin, cholesterol, non-esterified fatty acids (NEFA), triglycerides, and glucose were measured using commercially available assays as previously described [28] . ELISA was used for testosterone measurements (IBL America).
Immunohistochemistry IHC was performed on formalinfixed, paraffin-embedded tissue sections using standard histologic procedures. Antibodies against ER (Leica Microsystems; clone 6F11; 1:100), PR (Dako North America; A0098; 1:750), AR (Abcam; ab133273; 1:1000), Ki67 (Thermo Scientific; clone SP6, 1:400), and TUNEL (ApopTag Plus InSitu Apoptosis Detection Kit; EMD Millipore) were purchased commercially. Target retrieval solution, protein blocking solution, and secondary antibodies were all purchased from Dako North America. Steroid hormone receptor levels were quantified manually in blinded samples (ER, PR, or AR) or using the Aperio Digital Pathology System and ImageScope software (Leica Biosystems; Ki67, TUNEL). For ER and PR, the Allred scoring system was used as we have done previously [24] . For AR, stained tumor sections were individually evaluated for percentage of strong, medium, and weak positive cells, and these data were analyzed using a scoring system based on that reported by Remmele et al. [29] and that has been previously described in detail for primary breast tumors [30] . The scoring criteria for AR are as follows, according to Feng et al. [30] Score for either nuclear or cytoplasmic AR = SI × PP; AR localization score = AR nuclear score − AR cytoplasmic score.
Tissue Hormone Measurements: Sample Preparation
Pulverized tissue samples (100 mg) were spiked with 10 μL of internal standards (10 ng/mL Testosterone-D3). Two milliliters of methanol were added to the sample, sonicated for 20 min at 50°C, and then placed in a -20°C freezer for 1 hour. Following the freezer incubation, the sample was centrifuged at 2000 rpm for 20 min, and the supernatant was collected in a clean conical glass vial. The supernatant was evaporated to dryness with nitrogen using a N-EVAP with a 50°C water bath and reconstituted with 500 μL of acetonitrile. The sample was further cleaned up with dispersive solid phase extraction. Fifty milligrams of Universal dSPE (Agilent Technologies) was added, vortexed for 30 s, and centrifuged at 2000 rpm for 20 min. The supernatant was collected, evaporated to dryness with nitrogen using a N-EVAP with a 50°C water bath, and reconstituted with 200 μL of 50:50 acetonitrile:water for analysis of testosterone by LC-MS/MS. For analysis of estradiol, dry samples were reconstituted in 100 μL of 1 mg/mL dansyl chloride and 100 μL of 1 mg/mL sodium carbonate. Samples were then incubated for 15 min at 60°C and then analyzed by LC-MS/MS.
Liquid Chromatography-Mass Spectrometry The instrument used in the analysis was an Agilent 1290 UPLC coupled to an Agilent 6460 triple quadruple mass spectrometer, which was equipped with an ESI source using Agilent Jet Stream Technology (Agilent, Santa Clara, CA). Estradiol and testosterone were separated on an Agilent Eclipse Plus C18 column (2.1 × 100 mm, 3.5 μm). A sample volume of 10 μL was injected and a mixture of water with 0.1% Formic acid (A) and acetonitrile with 0.1% formic acid (B) at a flow rate of 0.4 mL/min. The gradient used was 20% B increasing to 50% B at 5 min, followed by and increase to 80% B at 7 min, and held at 80% B for 3 min. The column temperature was held at 40°C. The ionization source conditions used were as follows: nebulizer 35 psi, gas flow of 10 L/min at 350°C, sheath gas flow of 11 L/min at 350°C, and the capillary voltage (+)3500 V. Ionization polarity was set to positive. The ion transitions (m/z) monitored were 506→171 and 506→156 for estradiol, 289→109/97 for testosterone, and 292→109/ 97 for testosterone-D3. Compound identifications were confirmed by retention time, and the product ion ratio correlation between the sample peaks and corresponding standards (±20%). The data collection and processing were performed by using Agilent MassHunter Quantitative software (v.B.06.01). Quantitation was performed with linear regression using a 6-point calibration curve from 50 to 3000 pg/ mL for estradiol and 10-600 pg/mL for testosterone.
Patient Samples Normal breast adipose tissue samples were collected under an approved Colorado Institutional Review Board protocol from patients undergoing mastectomy surgery at the University of Colorado Hospital. Tissues were from postmenopausal women. Immediately after removal, tissue samples were cut into~100 mg pieces, weighed, snap frozen in liquid nitrogen, and stored at −80C for later analysis.
Rat Tissue Q-PCR Analysis Total RNA was isolated from rat ovary, mammary adipose (MG), or mammary tumor tissue using Trizol, followed by column clean-up (Qiagen). cDNA was prepared using the Verso kit (Thermo Scientific), and qPCR was performed using Taqman reagents, with commercially available predesigned Cyp19a1 primer/probe set (Rn00567222_m1; Life Technologies).
Adipose Cellularity Adipose tissue cell size distribution was determined using the Adiposoft ImageJ plug-in on one full H&E stained section of subcutaneous/mammary or retroperitoneal adipose tissue. Frequency distributions and ANOVA were calculated using Prizm software.
Cell Culture Studies Cell lines were obtained from the University of Colorado Cancer Center Protein Production, Monoclonal Antibody and Tissue Culture Shared Resource, and authenticity was validated using STR analysis within 2 months of conducting experiments. For standard growth, cells were cultured in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. During experiments, cells were cultured in phenol red-free, glucose-free DMEM (Gibco, A14430-01) supplemented with 1% penicillin/streptomycin, 5 mM glucose, 2 mM L-glutamine, 5 ng/mL human insulin, 1 mM sodium pyruvate, and 10 μM HEPES buffer. Cells were plated in 6-well plates and allowed to adhere overnight in standard growth medium. The next morning, medium was aspirated, cells were washed, and then incubated for 3 h in experimental medium with or without 1 ng/mL recombinant human IL-6 (R&D Systems). Cells were then treated with varying doses of testosterone (Sigma Aldrich), or EtOH vehicle, in the presence or absence of IL-6 (1 ng/ mL; R&D Systems) for 24 h. For inhibitor studies, cells were also treated with either fulvestrant (ICI 182780; 100 nM) or enzalutamide (Selleck Chemicals; 10 μM). RNA was isolated using Qiazol Lysis Reagent (Qiagen), and cDNA was synthesized using the Verso kit (Thermo Scientific). Q-PCR analysis was performed using Sybr Green (Fkbp5, Klk3, Tmprss2) or Taqman (Polr2a, Cyp19a1, Esr1) reagents. Primers for Fkbp5 were (forward) 5′ TGA GCA GGG AGA GGA TAT TAC C and (reverse) 5′ TCT CCA ATC ATC GGC GTT TC. Primers for Klk3 were (forward) 5′ GAT GCT GTG AAG GTC ATG GA and (reverse) 5′ GAG GTC CAC ACA CTG AAG TT. Primers for Tmprss2 were (forward) 5′ AGA CGA CTG GAA CGA GAA CTA and (reverse) 5′ GAT CCG CTG TCA TCC ACT ATT C. Pre-designed primers and FAM-labeled probe for RNA-polymerase II (Polr2a; Hs00172187_m1), aromatase (Cyp19a1; Hs00903410_m1), and ERα (Esr1; Hs00174860_m1) were purchased commercially (Life Technologies). Gene expression was analyzed as transcript copies based on a standard curve method as we have previously described [31, 32] .
Human Breast Cancer Sample Analysis The dataset used for primary breast tumor analysis was previously published by others [33] . Normalized gene expression data from primary ERpositive human breast tumors were downloaded from NCBI Gene Expression Omnibus (GEO; GSE54430). Samples were sorted by patient serum IL-6 level, categorized as high (≥10 pg/mL) or low (<10 pg/mL). AR and Fkbp5 expression is reported as mean ± SEM log 2 -transformed values. The data can be accessed through the following link: https://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?acc=GSE54330
Statistical Analysis Statistical analyses were performed using Graph Pad Prizm 6.0 software. Student's t tests or ANOVA tests were used for normally distributed data, and MannWhitney tests were used for non-normal data. Unless otherwise indicated, data are presented as mean ± standard error of the mean. A chi-square test was used to compare the number of regressing, progressing, and newly formed tumors between control and enzalutamide-treated rats. Significance level was set at less than or equal to 0.05.
Results

AR Nuclear Localization Associates with Post-OVX Tumor Progression in Obese Rats
We previously showed in our preclinical rat model that obesity in combination with OVX-induced weight gain supports tumor progression, which was associated with elevated PR expression, a glycolytic gene expression profile, and elevated tumor glucose uptake [24] . In that study, juvenile rats were placed on a high fat diet (HFD); MNU was used to induce mammary tumorigenesis, and mature rats were separated into obesity resistant (lean) and obesity prone (obese) phenotypes [24] . At a defined tumor burden (≥1 cm 3 ), rats underwent OVX, and tumors were monitored for three additional weeks (Fig. 1a) . To examine the role of AR in tumor progression following OVX, tumor sections from lean and obese rats were stained for AR using IHC. We found AR was expressed in most tumors. However, subcellular localization of AR showed two dominant patterns, either primarily localized to the nucleus (Fig. 1b) or distributed throughout the nucleus and cytoplasm (Fig. 1c) . AR nuclear localization reflects its activation as a transcription factor [16] , and others have demonstrated nuclear localization upon treatment of breast cancer cells with androgen ligands [15, 19] . We next assigned AR nuclear and cytoplasmic scores for each tumor and then combined these data to generate an AR localization score, for each mammary tumor according to a previously published method [30] . According to this method, a higher score indicates nuclear localized AR, while a lower score reflects cytoplasmic AR. Tumor AR scores were then sub-categorized based on whether the tumor was regressing or progressing after OVX and determined by change in tumor size (Fig. 1d) and also on the adiposity status of the host (lean versus obese). In lean rats, AR was distributed throughout the nucleus and cytoplasm in all tumors (Supplemental Fig. 1A) , and no differences in AR localization scores between regressing and progressing tumors were found (Fig. 1e) . Conversely, in obese rats, there was a slight, but non-significant increase in the AR nuclear score, and a significant decrease in the AR cytoplasmic score (Supplemental Fig. 1B) . Further, the overall AR localization score was significantly higher in progressing compared to regressing tumors (Fig. 1e) . ER was not different between regressing and progressing tumors from obese rats (Fig. 1f) , but PR was significantly elevated in progressing compared to regressing tumors (Fig. 1g) . As would be expected, Ki67 tended to be higher in progressing than in regressing tumors from the obese rats (Fig. 1h) . Overall, AR was predominantly localized to the nucleus rather than the cytoplasm in progressing tumors from obese rats compared to those that were regressing, or compared to any tumor from lean rats, suggesting that AR activation preferentially supports obesity-associated tumor growth after OVX in this model.
Circulating and Adipose Tissue Hormone Measurements in Post-OVX Rats
Differences in AR nuclear localization between lean and obese post-OVX rats could be due to differences in plasma To address this question, we measured circulating levels of testosterone, as well as mammary adipose tissue testosterone and estradiol in lean and obese rats 3 weeks after OVX. We found no significant differences in plasma levels of testosterone (0.23 ± 0.02 versus 0.28 ± 0.04 ng/mL) between lean and obese rats, respectively. Further, in a previous study, we found no differences in plasma estradiol between lean and obese rats 3 weeks after OVX, and overall, the levels of estradiol in that study were at the lowest limit of detection for the assay [21] . Analysis of hormone levels in mammary adipose tissue revealed that estradiol was below the limit of detection in both lean and obese OVX rats (Fig. 2a) ; whereas, testosterone was present but was not different between lean and obese rats (Fig.  2b) . As a positive estrogen control, we included human breast adipose tissue samples from post-menopausal women. In all but two human adipose tissue samples, estradiol was readily detectable by LC-mass spectrometry (LC-MS/MS; Fig. 2a) ; however, only two human breast tissue samples had detectable levels of testosterone (Fig. 2b) . The conversion of androgens to estrogens in breast tissue of postmenopausal women results from expression and activity of the aromatase enzyme [34, 35] . Therefore, we evaluated expression of the aromatase gene, Cyp19a1, in rat mammary adipose and tumor tissue, using rat ovary tissue as a positive control. Surprisingly, we were unable to detect Cyp19a1 in either mammary or tumor tissue from lean or obese rats (Fig. 2c) . Importantly, the testosterone levels in lean and obese rat mammary adipose tissue do not explain the difference in the observed localization of AR described in Fig. 1 . Furthermore, our data suggest that testosterone rather than estrogen could be driving tumor progression in this model.
Inhibiting AR Prevents Obesity-Associated Tumor Progression After OVX
To determine the role of AR activation in post-OVX tumor growth, we utilized the anti-androgen, enzalutamide [23, 24] . Enzalutamide is now FDA approved for prostate cancer [36] and has efficacy against triple-negative and ER-positive breast cancers in preclinical studies [15, 19] . To test the effect of enzalutamide on the post-OVX growth of mammary tumors, we used the same general experimental design that we have used previously and focused on the impact of enzalutamide on obese rats (Fig. 3a and [24] ), since we observed differences in AR localization between regressing and progressing tumors in this group (Fig. 1e) . OVX was performed when mammary tumor burden reached ≥1 cm 3 , at approximately 22 weeks of age. Obese rats were randomized to control HFD or enzalutamide treatment for 8 weeks, at which time the study was terminated (Fig. 3a) .
At the time of randomization, tumor burden per rat was identical in both the control and enzalutamide-treated groups (1.13 ± 0.24 versus 1.13 ± 0.24 cm 3 for control and enzalutamide groups, respectively). Consistent with our previous study [24] , most tumors began to regress shortly after OVX (Fig. 3b) , demonstrating the estrogen dependence of mammary tumors in this model. Approximately 5 weeks after OVX, some of the tumors that existed at the time of OVX, but that regressed shortly after, began to re-grow in control rats and were classified as progressing (Fig. 3b, c; N = 19 rats) . At the end of the study, five new tumors had formed during the post-OVX period in the control group (Fig. 3c) . Overall, 25.7% (9/35) of tumors in the control rats were progressing, 60% (21/35) of tumors were regressing, and 14.3% (5/35) of all tumors were newly emerged after OVX (Fig. 3c ). In contrast, 100% (20/20) of tumors from enzalutamide-treated rats (N = 11 rats) completely regressed by the end of the study, and no new tumors formed (chi-square test, p = 0.007; Fig. 3c) .
To determine the relationship between AR cellular localization and tumor progression, we evaluated AR using IHC and the same scoring system described in Fig. 1 . In control rats, the AR localization score was significantly higher in progressing versus regressing tumors (Fig. 3d) , and this was driven by a higher nuclear AR score (Supp Fig. 2A ), rather than a lower cytoplasmic score (Supp Fig. 2B ). We found that enzalutamide treatment reduced overall AR levels and the localization score significantly, compared to progressing tumors from control rats (Fig. 3d, g ). As we saw previously, AR was predominantly nuclear in progressing tumors (Fig. 3d-e) , while regressing tumors contained weak AR that was localized to the cytoplasm (Fig. 3d, f) . ER levels were similar in tumors from control and enzalutamide-treated rats, regardless of whether they were progressing or regressing (Fig. 3h) . Consistent with Fig. 1 , PR levels were highest in progressing versus regressing tumors from control rats, and were , and progressing were defined as those with a size change >0 cm 3 , measured from the time of OVX until the end of the study (3 weeks post OVX). e AR localization score, calculated as Nuclear AR Score -Cytoplasmic AR Score in regressing (reg) and progressing (prog) tumors from lean and obese rats. The maximum cytoplasmic or nuclear AR score is 12, so the AR localization score can range from −12 (strong AR intensity, exclusively cytoplasmic) to 12 (strong AR intensity, exclusively nuclear). T test determined statistical significance. N = 17 regressing and 7 progressing tumors from lean, and 26 regressing and 6 progressing tumors from obese rats. **p < 0.01 f-h IHC scores for ER (f), PR (g) based on the Allred system, and percent Ki67 positive cells (h) in tumors from obese rats, categorized as regressing (reg) or progressing (prog). Mann-Whitney test determined statistical significance. N = 26 regressing and 6 progressing tumors. *p < 0.05; †p < 0.1 significantly reduced by enzalutamide treatment (Fig. 3i) . Although the PR gene (Pgr) is a classical ER target, AR can interact with ER at the Pgr promoter [16] . Our data indicate that, in the absence of estradiol, AR may play a role in regulating PR levels in tumors from obese rats.
The effect of enzalutamide on breast cancer cell proliferation and survival has been reported to depend on the relative levels of ER and steroid hormone ligands (estrogens and androgens) [15, 16] ; therefore, we evaluated cell proliferation and death in tumors from control and enzalutamide-treated rats. Surprisingly, the percentages of tumor Ki67 (Fig. 4a) and TUNEL (Fig. 4b ) positive cells were equivalent between control and enzalutamide groups; however, histological examination revealed extensive and significantly increased necrosis (Fig. 4c ) in enzalutamide-treated tumors compared to controls (Fig. 4d-g ). These observations suggest that the tumorinhibitory effects of enzalutamide in post-OVX obese rats is due to suppression of cell survival rather than proliferation. This is consistent with the observation that, in androgendriven tumors, AR antagonism induced cell death, while it suppressed cell proliferation in estrogen-dependent tumors [16] .
Plasma and Morphometric Characteristics of Enzalutamide-Treated Rats
Steroid hormone ablation for the treatment of both prostate and breast cancer leads to metabolic dysfunction and negative sequela for many cancer patients [37] [38] [39] [40] . However, our observations showing enhanced-mammary tumor AR signaling under an obesogenic environment, combined with high efficacy of enzalutamide in suppressing these mammary tumors, suggest a potential interaction between whole body metabolism and enzalutamide efficacy in postmenopausal breast cancer. Our previous study implicated peripheral insulin resistance as one factor contributing to increased tumor growth in obese, OVX rats [21] . To determine whether enzalutamide treatment affected metabolism in the host environment, we evaluated body composition and plasma levels of metabolic hormones in control and enzalutamide-treated rats. At the time of OVX, body weights were similar in both groups (Table 1) . At the study end, enzalutamide-treated rats showed no evidence of toxicity, gaining equivalent weight after OVX as control rats (Supp Fig. 3A) . We found that enzalutamide treatment did not affect body fat or liver fat contents (Table 1 ). In addition, differences were not found in gonadal, mesenteric, or retroperitoneal fat pad weights between control and enzalutamide-treated rats at the end of the study (Table 1) . Plasma levels of non-esterified fatty acids (NEFA), insulin, leptin, and triglycerides (TAG) also were not different between control and enzalutamide-treated rats (Table 2) ; however, enzalutamide treatment was associated with modestly but significantly higher plasma cholesterol and fasting glucose (Table 2) . Overall, AR antagonism by enzalutamide did not appear to adversely affect host metabolic function and was not toxic over the 8-week treatment period.
Because we observed differences in circulating lipids and glucose between control and enzalutamide-treated rats, we assessed the profile of adipocyte sizes, which imparts insulin sensitivity, metabolic function, and also associates with chronic inflammation. Large, hypertrophic adipocytes are frequently insulin resistant and display elevated lipolysis, while small adipocytes are more insulin sensitive and readily take up glucose and circulating lipids [37] . Moreover, a profile of hypertrophic adipocytes is often associated with the presence of crown-like structures, which are dying cells engulfed by macrophages [41] . We measured adipocyte cellularity in retroperitoneal (abdominal) and mammary (subcutaneous) fat pads from obese-control rats and from obese rats treated with enzalutamide and compared these profiles to those from lean rats. As expected, the median adipocyte size was lower in lean versus obese rats in both the subcutaneous and abdominal depots (Supp Fig. 3B,C) . In the abdominal fat pad, obese rats had a greater prevalence of very small adipocytes (20 μm diameter), but they also had more large adipocytes (>100 μm diameter; Supp Fig. 3B ) than lean rats. The peak in small adipocytes seen in this depot could reflect an expanded preadipocyte pool in response to signals from hypertrophic, lipid-engorged adipocytes. Enzalutamide treatment had effects on adipocyte size in both depots, with the greatest effect in the abdominal fat pad. Specifically, enzalutamide treatment was associated with a decrease in the median adipocyte size in abdominal (Supp Fig. 3B ) and subcutaneous (Supp Fig. 3C ) fat pads, such that there was a greater prevalence of smaller adipocytes in enzalutamide-treated compared to obese-control rats. The difference in adipose depot cell sizes between control and enzalutamide-treated rats suggests that AR plays a role in adipocyte lipid storage and synthesis after the loss of ovarian estrogens. Nonetheless, after 8 weeks of treatment enzalutamide does not appear to strongly influence body composition.
IL-6 Sensitizes Breast Cancer Cells to Testosterone
Differences in circulating or adipose-derived steroid hormones did not appear to explain the difference in AR localization between lean and obese rats; however, obesity is associated with chronic low-grade inflammation [41] . The proinflammatory cytokine, IL-6, may drive prostate cancer progression and can activate AR in prostate cancer cells [42, 43] .
We have previously reported that our obese rats have elevated circulating levels of IL-6 compared to lean rats [24] . Therefore, we postulated that IL-6 could play a role in the differential AR localization phenotype that we observed between tumors from lean and obese rats, potentially by enhancing the sensitivity of tumor cells to AR ligands. To examine this, we treated the ER/AR-positive MCF-7 human breast cancer cell line with increasing doses of testosterone in the presence and absence of IL-6, and the AR target gene, Fkbp5, was analyzed as a read-out of AR activation. By itself, IL-6 did not significantly increase Fkbp5 expression. However, in the presence of IL-6, MCF-7 cells were more sensitive to testosterone than those without IL-6, showing significant induction of Fkbp5 at 1 × 10 −12 M (0.001 nM) testosterone (Fig. 5a ). Similar effects of IL-6 were seen on AR targets Tmprss2 (Supp Fig 4A) and Klk3 (Supp Fig 4B) ; however, the sensitization to testosterone was not as great as with Fkbp5. In ER-positive MCF7 cells, the effect of testosterone could be blocked by the ER-downregulator, fulvestrant (ICI 182780), and by enzalutamide (Fig. 5b) , suggesting that both ER and AR may be involved in the response to testosterone. We also found that IL-6 altered the sensitivity to testosterone in AR-positive/ER-negative MDA-453 cells, potentiating induction of Fkbp5 (Supp Fig 4C) and Tmprss2 (Supp Fig 4D) , which could be blocked by enzalutamide (Supp Fig. 4E ). Importantly, we did not observe any effects of IL-6, testosterone, or inhibitor treatment on expression of the control gene Polr2a ( Fig. 5c-d; Supp Fig. 4E ). To determine whether this relationship was found in primary human breast tumors, we evaluated AR and Fkbp5 in gene expression profiling data of ER-positive breast cancers with associated patient IL-6 measurements [33] . Expression of both AR and Fkbp5 were higher in primary ER-positive breast tumors from patients with high compared to low circulating IL-6 levels ( Fig. 5e-f ). The requirement of ER for the induction of Fkbp5 in MCF7 cells could suggest that the testosterone was aromatized to estradiol. Although cultured breast cancer cells are generally assumed not to synthesize estradiol, some studies have indicated that Cyp19a1 is expressed in some ER-positive human breast cancer cells (reviewed in [35] ). We performed qPCR for the Cyp19a1 gene in our MCF7 cells, using human breast adipose as a positive control (Fig. 5g) and found that Cyp19a1 was at the lowest limit of detection and was not induced by IL-6 treatment. In contrast, Esr1, which encodes ERα, was highly expressed in these cells and was also not affected by IL-6 treatment (Fig. 5h) . Altogether, these data suggest that factors unique to the host environment, such as IL-6, change how breast cancer cells respond to steroid hormones rather than impacting the levels of steroid receptor expression or ligands. Moreover, the observation that fulvestrant and enzalutamide can block testosteronemediated AR activation indicates that, when both are present, ER and AR transcriptional activity may be elevated even in Fig. 3 Enzalutamide treatment inhibits tumor progression in obese rats after OVX. a Schematic study design. HFD high fat diet, MNU Nmethyl-N-nitrosourea, OVX ovariectomy. Lean rats were used for another study. Enzalutamide was administered for 8 weeks beginning at OVX, indicated by the blue box. b Tumor volume from control (empty circle) and enzalutamide-treated (filled circle) rats, represented as percent of that at OVX; p = 0.001 by ANOVA. c Percent of total tumors from the end of study that were regressing (reg) or progressing (prog) from the time of OVX, or that were newly formed (new) after OVX in Control (N = 19) and enzalutamide-treated (N = 11) rats; p = 0.007 by chi-square analysis. d AR localization scores in regressing and progressing tumors (N = 4-11 tumors per group). Representative images of AR immunostaining in e progressing and f regressing tumors from control rats, and in a g regressing tumor from enzalutamide-treated rat (g). Scale bars = 100 μm. h ER scores, and i PR scores in regressing (reg) and progressing (prog) tumors from control and enzalutamide-treated rats (N = 11-12 tumors per group). Mann-Whitney tests determined statistical significance for steroid hormone receptor levels. **p < 0.01; ***p < 0.001 the absence of estradiol, and has implications for treating breast cancers resistant to aromatase inhibitors.
Discussion
We have established a rat model that allows us to investigate the effects of obesity upon mammary tumor growth in the post-menopausal setting through the use of OVX to remove ovarian production of estrogens. Using this model, we previously identified a critical window following OVX when obesity promotes the progression of existing tumors and also the development of new tumors [23, 24] . Here, we explored a role for AR in mammary tumor progression during this window, specifically in obese rats. Our data demonstrate that nuclear localization of AR, which indicates transcriptional activation, is increased in mammary tumors that progress in obese compared to lean rats shortly after estrogen loss (Fig. 1) , and that AR nuclear localization and expression are maintained in progressing tumors up to 8 weeks after OVX (Fig. 3) . The variability in AR localization across tumors between the lean and obese rats cannot be explained simply by differences in circulating or mammary adipose tissue testosterone between groups (Fig. 2) , suggesting that other factors may contribute to activation of AR in tumors specifically in the obese. Regardless, treatment with the anti-androgen enzalutamide completely inhibited tumor progression by increasing tumor necrosis and prevented the formation of new tumors in obese rats (Fig. 3) , which demonstrates a tumor-promotional role for AR in this context. Finally, we observed that IL-6, which we have previously demonstrated to be increased in the plasma of obese rats [24] , potentiated the ability of low levels of testosterone to induce transcriptional activation of AR (Fig. 5) . Together, our data suggest that obesity is a critical biological variable that modifies steroid hormone receptor action in mammary tumors and may support AR activation during mammary tumorigenesis and progression. The role of AR continues to be investigated in breast cancer, and studies have suggested that AR can either be a positive or a negative prognostic factor [12, 17, 30, [44] [45] [46] . Recent reports show that AR drives breast cancer progression after treatment with either aromatase inhibitors or tamoxifen [9] [10] [11] . Higher levels of AR than ER were found in the primary tumors of patients that experienced disease recurrence on adjuvant tamoxifen [15] and were higher in tamoxifenresistant metastatic breast cancers compared to primary tumors, as well as in a model of tamoxifen-resistant MCF7 breast cancer cells [9] . DHT stimulated proliferation in cell line models of aromatase inhibitor-resistant breast cancer [10] , and AR overexpression was shown to confer aromatase-inhibitor resistance in breast cancer cells overexpressing Cyp19a1 [11] . These and other studies suggest that, in the absence of ER, or after the selective inhibition of ER, tumors can become dependent on AR [10, 15, 16] . Indeed, in AR-positive TNBC, AR has been shown to bind to the same regions of chromatin as ER in ER-positive breast cancer, indicating that AR can functionally substitute for ER [47] .
In our study, we found predominant nuclear localization of AR in progressing mammary tumors from obese animals, which suggests that AR is a poor prognostic marker in the context of obesity, even though levels of testosterone are not elevated compared to levels in lean animals. These observations are consistent with a recently published study, which reported the percent AR positive nuclei, as is conventionally done for steroid hormone receptors, and also the relative levels of nuclear to cytoplasmic AR protein [30] . The authors found that the overall levels of AR had significant prognostic value only in TNBC, which has been shown [19] . Interestingly, the score that reflected AR nuclear localization, which they termed the AR-D value, significantly predicted a poor outcome for both TNBC and luminal (ER-positive) breast cancers [30] . Since AR translocates from the cytoplasm to the nucleus upon ligand binding and activation [16] , this published study and our data highlight the importance of considering the AR activation and localization states when assessing its prognostic significance.
To determine whether increased testosterone in obese rats could explain the difference in AR localization, we measured this steroid hormone in circulation and in local mammary adipose tissue (Fig. 2) . It is known that obese women have elevated levels of circulating estrogens and androgens compared to lean women after menopause [48, 49] ; however, we did not find differences in testosterone in obese versus lean rats (Fig. 2) . One limitation of this study is that we did not measure DHT in circulation or in adipose tissue. While DHT is a more potent AR ligand than testosterone, the ability to detect this hormone by mass spectrometry is poor; therefore, we cannot rule out the possibility that DHT was elevated in obese compared to lean rats, which could account for differences observed in AR localization. Although we did not confirm an increase in testosterone levels in obese rats (Fig. 2) , we found that IL-6 sensitized human ER-positive and -negative breast cancer cells to low levels of testosterone (Fig. 5, Supp  Fig. 4 ). IL-6 was shown to regulate AR activity in prostate cancer cells by inducing steroidogenic enzymes, including Cyp11a1, Akr1c3, and Hsd3b2 that all regulate de novo testosterone biosynthesis from cholesterol, and increasing intracellular testosterone production [50] . In addition, IL-6 has been shown to increase androgen-stimulated AR activity in prostate cancer cells [43] . While we did not observe a ligand-independent effect of IL-6 on AR-target gene expression, crosstalk between IL-6 and androgen signaling may play a role in breast cancer. The sensitization of breast cancer cells to testosterone in the presence of IL-6 demonstrates the importance of the obese environment in facilitating hormonedependent breast cancer progression, potentially by changing the way tumor cells respond to available hormone ligands. Our studies employed a rat model of obesity that faithfully recapitulates many aspects of human breast cancer and its risk factors [22, 24] . In order to gain a more complete understanding about how obesity influences breast cancer progression, it will be important to study the variety of steroid receptorpositive breast tumors being made available as patientderived xenograft specimens in transplant competent models of obesity. Clearly, obesity is a biological variable that merits consideration with regard to therapeutic approaches used to treat breast cancer.
To test the role of AR in obesity-associated post-OVX tumor progression, we utilized enzalutamide, which inhibits AR nuclear translocation [15] . Enzalutamide effectively prevented the progression of tumors that existed at OVX and also prevented the formation of new tumors after OVX in obese rats, highlighting a critical tumor-promotional role for AR during the post-OVX period (Fig. 3) . In general, enzalutamide treatment was not toxic and did not promote changes in body weight or body fat in obese rats after 8 weeks of treatment (Supp Fig. 3, Table 1 ). We found a modest, but significant, increase in fasting plasma glucose and cholesterol and also a decrease in the median adipocyte diameter with enzalutamide treatment, particularly in the abdominal depot ( Table 2 , Supp  Fig. 3 ). Both AR and ER play important roles in glucose and lipid metabolism in men, and in pre-and postmenopausal women [51, 52] . Increases in plasma insulin and cholesterol have been reported in men taking enzalutamide [53] ; however, no studies have reported changes in these metabolic parameters in females. In general, our data indicate that AR may play a role in metabolic homeostasis in females after the loss of ovarian function, but that short-term enzalutamide treatment does not dramatically alter metabolic function.
Recent studies have shown that AR and ER interact at target gene response elements and that disrupting AR with enzalutamide can prevent ER DNA binding [16] . Since the tumors from obese rats maintained ER after OVX (Figs. 1 and  3) , we wished to determine whether ER activation played a role in AR nuclear localization. PR expression was elevated in tumors with nuclear-localized AR in short-term ( Fig. 1 ) and long-term (Fig. 3) post-OVX studies, and enzalutamide treatment reduced PR levels, concomitant with tumor regression, without affecting ER levels (Fig. 3) . PR is a well-known target of ligand-activated ER; however, we could not detect estradiol in mammary adipose tissue from either lean or obese rats (Fig.  2) . This suggests that ligand-activated ER may not be solely driving the expression of PR. Indeed, a recent study showed that ER and AR act in concert to bind to the Pgr and other classical ER target gene promoters [16] . We found that the effects of IL-6 on ER-positive breast cancer cell sensitivity to testosterone could be blocked by fulvestrant or enzalutamide (Fig. 5 ), but that IL-6 also modified the response of ER-negative cells to testosterone, indicating that the effect is primarily through AR. Thus, while our data indicate that estradiol and ER may not be required for tumor progression in the obese rats after OVX, there may still be a role for ER in this process. In total, these observations suggest that our rat model of obese, postmenopausal breast cancer may be characterized by an increased dependence on AR, as is sometimes observed after endocrine therapy [10, 54] .
Breast adipose tissue in women serves as a primary source of estradiol after menopause due to expression of Cyp19a1, which encodes the aromatase enzyme [55] . Using LC-mass spectrometry (LC-MS/MS), we were able to measure estradiol in the majority of breast adipose samples from postmenopausal women (Fig. 2) , but not in mammary adipose tissue from lean or obese rats (Fig. 2) . In addition, we could not detect Cyp19a1 in rat mammary adipose or tumor tissue (Fig. 2) , suggesting that testosterone may not be converted into estradiol in this model. While LC-MS/MS is superior in sensitivity and specificity to ELISA, one caveat is that the lower limit of detection (~2 pM for estradiol) is above the amount sufficient to activate ER in breast cancer cells [56] . Thus, it is possible that estradiol is produced in the rat adipose tissue at levels below the limit of detection, but that, it is still functional due to coactivation of other signaling pathways. Testosterone was higher in rodent adipose tissue than it was in all but two human breast adipose tissue samples (Fig. 2) . While the hormonal environment of a postmenopausal woman is very different from that of the post-OVX rat, these data indicate that the OVX female rat may serve as a valuable model of aromatase inhibition and could be used to identify novel regulators of acquired endocrine therapy resistance. In women, long term (>6 mos; [57] [58] [59] ), but not short-term (<4 weeks; [60, 61] ) aromatase inhibitor treatment can result in accumulation of androgens, which may support progression of aromatase inhibitor-resistant breast cancer through AR activation [10, 11, 54] .
Concluding Remarks
Recent studies have demonstrated a role for AR in driving breast cancer growth and survival, particularly after endocrine therapy, and current clinical trials are focused on targeting AR in multiple breast tumor subtypes. Our study indicates that AR may translocate to the nucleus of tumor cells shortly after estrogen loss as an early indicator of tumor progression in a preclinical rat model of obesity and breast cancer. We also demonstrate a role for IL-6 in breast cancer cell AR activation, highlighting the importance of the host environment in dictating how mammary tumor cells respond to steroid hormones. Our data suggest that it may be important to assess AR activation as well as overall level in mammary tumors, and to consider that the host environment, either local or systemic, can influence how tumors respond to steroid hormones and endocrine therapies. Finally, this study may have implications in defining the population of women with ER-positive breast cancer most likely to benefit from anti-AR therapy.
